Coastal marine ecosystems are important for their productivity and because nearly 40% of the world's population live in close proximity to them. Nutrient overenrichment leading to hypoxia of coastal marine ecosystems is accelerating at an unprecedented rate. This chapter summarizes the effectiveness of various agricultural Best Management Practices (BMPs) to reduce nitrate-N losses from tile drained areas of the Midwestern Corn Belt. These BMPs can be classifi ed into three general categories: hydrologic modifi cation, nutrient management and landscape diversifi cation. Hydrologic modifi cation includes changes in tile drain depth and spacing, and a practice known as controlled drainage. These practices have been shown to reduce nitrate-N losses through tile drains by from 15-96%. Nutrient management includes changes in rate and timing of application for either fertilizer or manure. These practices have been shown to reduce nitrate-N losses through tile drains by from 6-58%. Landscape diversifi cation includes changes in cropping systems, planting of cover crops or riparian buffer strips, agroforestry, prairie restoration or wetland restoration. These practices have been shown to reduce nitrate-N losses by from 5-97%.
Introduction
Coastal marine ecosystems are important for their productivity and because nearly 40% of the world's population live in close proximity to them [1] . Nutrient overenrichment of coastal marine ecosystems is accelerating at an unprecedented rate. There are currently 146 coastal zones with documented periods of low dissolved oxygen concentrations (hypoxia) for extended periods of time, more than 16 times the number of hypoxic zones identifi ed during the 1960s [2] . Most of the hypoxic Belt. These BMPs can be classifi ed into three general categories: hydrologic modifi cations, nutrient management practices and landscape diversifi cation.
Hydrologic BMPs
Large regions of the Upper Midwest are managed with artifi cial drainage, including subsurface tile drains and surface ditches. Subsurface tile drainage is used to lower the depth of the shallow water table in poorly drained soils in order to enhance soil traffi cability and crop productivity. Nitrate-N arising from fertilizer and manure applications to row crops, or from mineralization of soil organic matter, is prone to discharge through subsurface tile drains [13, 14] .
A general strategy for reducing nitrate-N losses in subsurface drainage is to alter depth and spacing of tile drainage systems (Table 1 ) to reduce tile discharge or nitrate-N concentration (or both). As tile spacing increases, or as the depth of tile drains becomes shallower, tile discharge generally decreases. In addition, nitrate-N concentrations may also decrease in response to prolonged periods of soil saturation and enhanced denitrifi cation.
Tile drain depth and spacing effects on nitrate-N losses
In Indiana, Kladivko et al. [14] conducted a 15-year study of nitrate-N losses in subsurface drainage for drain spacings of 5 to 20 m. From 1986 From -1988 , nitrate-N losses averaged 50 and 27 kg/ha, respectively (a 46% reduction), for spacings of 5 and 20 m. A continuous crop of corn was grown during this time, and N fertilizer was applied in spring at a rate of 285 kg/ha. From 1997-1999, nitrate-N losses averaged 16 and 13 kg/ha, respectively (a 19% reduction), for spacings of 5 and 20 m. During this time, N fertilizer was applied in spring to a corn-soybean rotation with a fall cover crop at a rate of 177 kg/ha. For this location, nitrate-N losses respond more to changes in fertilizer and cropping system management than to changes in drain spacing. In Minnesota, Sands et al. [15] conducted a fi eld experiment with a corn-soybean rotation designed to evaluate fl ow and nitrate-N losses from subsurface tile drains installed at depths of 0.9 or 1.2 m, and at spacings of roughly 10 or 20 m. They found an 18% reduction in annual fl ow and a 15% reduction in nitrate-N losses for the 0.9 m depth in comparison with the 1.2 m depth, without signifi cant differences in nitrate-N concentrations. These results show that reductions in nitrate-N losses were largely attributed to reduced drainage fl ows at shallower tile depths.
Nangia et al. [16] used the Agricultural Drainage and Pesticide Transport (ADAPT) model to investigate the infl uence of subsurface tile drain depth and spacing on discharges of water and nitrate-N from tile drains under a cornsoybean rotation using a 50-year record of climatic conditions in southern Minnesota. The ADAPT model was calibrated and validated using a ten-year dataset for fl ow and nitrate-N losses from a 21 ha corn-soybean fi eld in southern Minnesota. Baseline conditions for simulations included a tile spacing of 27 m, a tile depth of 1.2 m and a fall application of 123 kg/ha N fertilizer. For a subsurface tile depth of 1.2 m, increasing the tile spacing from 27 to 100 m reduced nitrate-N losses from 43.1 to 9.5 kg/ha, a reduction of 78%. Reductions in nitrate-N losses are also possible by decreasing depth of tile drains, at a spacing of 27 m, reducing tile depth from 1.5 m to 0.9 m reduced nitrate-N losses from 43.1 to 17.5 kg/ha, a reduction of 59%.
Controlled drainage effects on nitrate-N losses
Controlled drainage is an alternative to physically installing tile drains at shallower depths or wider spacings, and is cost effective on fl at uniform fi elds with slopes of 1% or less [17] . Controlled drainage involves placing a water control structure near the outlet of the drainage system. Stop logs or fl oat mechanisms in the control structure can be raised or lowered to regulate the level of the water table. Water is only discharged when the water table rises above the height of the stop log or fl oat. In typical operation, tile drains are prevented from discharging water for the majority of the year from June through March, unless heavy rainfall occurs. From March to May, stop logs are lowered in order to drain the soil of excess water in preparation for vehicle traffi c needed for tillage, fertilization and planting operations. Reductions in average nitrate concentrations from controlled drainage systems (due to denitrifi cation) in comparison with conventional drainage systems range from 25-76% [18] [19] [20] .
Nutrient management BMPs
Nutrient management BMPs attempt to improve water quality by reducing the inputs of nitrogen to the cropping system from fertilizer or manure, delaying the timing of fertilizer application to better match crop uptake, or adding nitrifi cation inhibitors (Table 2) .
Corn crops (in a corn-soybean rotation) in the upper Midwestern region are recommended to receive nitrogen fertilizer applications ranging from 115 kg/ha in Minnesota to 143 kg/ha in Iowa to 176 kg/ha in Illinois [21] . In much of Minnesota, corn crops typically receive from 15 to 60 kg/ha more N fertilizer than recommended, leading to signifi cant losses of nitrate in tile drainage systems [8] . N fertilizer guidelines are typically based on economically optimum nitrogen rates determined from the ratio of corn prices to N fertilizer prices [22] . Environmental considerations are not factored into these guidelines.
N fertilizer rate effects on nitrate-N losses
Losses of nitrate-N in tile drainage typically decrease as the rate of fertilizer application decreases. Buzicky et al. [23] conducted a four-year study showing that, for continuous corn plots in Minnesota, nitrate-N losses in tile drainage were reduced from 29 to 21 kg/ha (a 28% reduction) when rates of spring-applied N fertilizer were reduced from 202 to 134 kg/ha. Nangia et al. [24] used the ADAPT model to simulate nitrate-N losses for a nearby fi eld site in a corn-soybean rotation using a 50-year climatic record. Simulation results showed that decreasing N application rates from [25] 112 vs. 182 10% [29] 136 vs. 180 17% [27] 143 vs. 174 30% (also switched from fall to spring application) [16] 135 vs. 180 12% [24] 134 vs. 179 15% [25] 140 vs. 180 14% " 130 vs. 169 11% Fall N vs. spring [32] NA 58% N application [8] 134 36% [25] 135 34% [16] 110 6% Nitrifi cation inhibitor [33] 150 18%
www.witpress.com, ISSN 1755-8336 (on-line) 180 to 135 kg/ha resulted in a 12% reduction in nitrate-N losses. Using the same model at the watershed scale where the fi eld-scale site was located, Nangia et al. [24] showed that reducing fall N applications from 179.2 kg/ha to 134.5 kg/ha resulted in a 15% reduction in nitrate-N losses (from 28.2 to 24 kg/ha). The extent of reductions in nitrate-N losses achieved at the watershed scale by reducing N fertilizer application rates depends on several factors, including the extent of subsurface tile drainage in the watershed and the extent of fertilizer N applications relative to nonfertilizer sources of N (manure and soil organic matter). Gowda et al. [25] simulated nitrate-N losses in two Minnesota watersheds with contrasting extents of subsurface tile drainage. Tile drainage is installed in 30% of the agricultural land in Sand Creek, whereas Bevens Creek has 50% of the land in tile drainage. Not surprisingly, annual nitrate-N losses in Sand Creek averaged 6.7 kg/ha, while nitrate-N losses in Bevens Creek averaged 19 kg/ha. Reducing N fertilizer application rates from 180 kg/ha to 140 kg/ha in Sand Creek caused a reduction in nitrate-N losses from 7.8 to 6.7 kg/ha (a 14% reduction). Reducing N fertilizer application rates from 169 to 130 kg/ha in Bevens Creek caused a reduction in nitrate-N losses from 21.3 to 19 kg/ha (an 11% reduction). Finally, Gowda et al. [26] studied nitrate-N losses in a Minnesota watershed with extensive subsurface tile drainage and animal agriculture operations and high soil organic matter content. Nitrate-N losses averaged 28.7 kg/ha, and these losses were reduced by less than 1 kg/ha (<3%) when N fertilizer applications were decreased by 20%.
Jaynes et al. [27] obtained a 30% reduction in nitrate-N concentrations by reducing N fertilizer applications and switching from fall to spring N applications in a portion of the Walnut Creek watershed located in Iowa. Gowda et al. [28] used simulation modeling for the same watershed to show that a 40% reduction in N fertilizer rates would only result in a 10% reduction in N loads at the watershed mouth. Baksh et al. [29] used the RZWQM for a single fi eld in the same watershed, and showed that reducing the N fertilizer rate from 180 kg/ha to 136 kg/ha (a 30% reduction) decreased nitrate-N losses in tile drainage from 54 kg/ha to 45 kg/ha (a 17% reduction). These results show that for this study area in Iowa, reductions in fertilizer rate have a greater impact on nitrate-N losses at the fi eld scale than at the watershed scale, and that changes in fertilizer application timing are more important than changes in the rate of application at the watershed scale.
Petrolia and Gowda [30] used the ADAPT model combined with econometric modeling to evaluate the economic implications of reduced nitrogen fertilizer application rates combined with land retirement to achieve a 30% reduction in nitrate-N losses from the Cottonwood River watershed in Minnesota. They compared targeted versus nontargeted strategies. When targeting the artifi cially drained soils that had the greatest potential to produce nitrate-N losses in tile drainage, the targeted strategy cost producers roughly $31/ac to achieve a watershed wide reduction in nitrate-N losses of 30%. Uniform implementation of fertilizer-management BMPs and land-retirement cost producers roughly $57/ac to achieve the same level of reduction. In addition to the cost differences, the targeted strategy required 25% less land area to be treated than with the uniform strategy.
N fertilizer application timing effects on nitrate-N losses
Fall applications of nitrogen fertilizer are more prone to losses through subsurface tile drainage systems than spring applications [8] . Fall-applied anhydrous ammonia is converted to nitrate through nitrifi cation if soil temperatures are warm enough [31] . Spring applications are less prone to nitrifi cation than fall applications due to cool soil temperatures and rapid uptake of soil N by the growing crop. Nitrate losses at the plot scale in subsurface drainage effl uent were reduced by 36% in Minnesota [8] and by 58% in Illinois [32] when N fertilizer was applied in spring rather than in fall. At the watershed scale, similar reductions occur. Gowda et al. [25] showed a 34% reduction in nitrate-N losses for two Minnesota watersheds when N fertilizer was applied in spring rather than fall.
Nitrogen fertilizers will continue to be applied in fall as long as anhydrous ammonia prices are relatively low due to the relatively short number of days soils are traffi cable in the spring due to snowmelt and rainfall on wet soils. Nitrifi cation inhibitors are sometimes added to N fertilizer to slow the conversion of ammonium to nitrate. The use of N-serve as a nitrifi cation inhibitor with fallapplied N fertilizer reduced nitrate-N concentrations in tile drainage water by 18% in Minnesota [33] .
Many studies are underway to identify strategies for in-season correction of nitrogen defi ciencies in rainfed corn. These strategies involve small starter applications of N at the time of planting, followed by a second sidedress application during June. Identifi cation of nitrogen stress involves either the late-spring nitrate test [LSNT; 34], or timely identifi cation of N defi ciencies using sensors [35] [36] [37] or remote sensing [38] [39] [40] . These methods rely on the fact that N defi cient crops are not as green as crops with suffi cient N availability. Additional research on these strategies is needed to further develop the methodologies and evaluate their impact on crop productivity and environmental quality.
Impacts of manure N application rate on nitrate-N losses
Large concentrations of hog, cattle and poultry production exist in Midwestern states. Manure produced by these operations is generally stored until fall, when it is land applied to fi elds that will be planted to corn in the spring. Manure has traditionally been viewed as a waste to be disposed of on the land, but as nitrogen fertilizer prices increase, manure is increasingly being viewed as a valuable source of crop nutrients.
When manure is treated as a waste product there is a high likelihood that it will not be applied at rates that are agronomically reasonable. In Minnesota, from 10-20% of agricultural land receives applications of both N fertilizer and manure. Rates of N applied on these fi elds can far exceed those required for optimum crop production. This can lead to signifi cant leaching of excess nitrogen to subsurface tile drains.
In general, there is no difference between the rates of N loss to subsurface tile drains from fertilizer versus manure if both are applied at equivalent rates of N [41] .
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Rates of N loss increase with the rate of applied N from manure [42] . Therefore, it is important to base manure applications on a combination of soil test results, cropyield expectations and nutrient content of manure based on manure samples.
Landscape diversifi cation
Landscape diversifi cation attempts to reduce nitrate-N losses (Table 3) by broadening the cropping systems and environmental services provided on the landscape. Diversifi cation takes many forms, including changes in cropping system, planting of cover crops or riparian buffer strips, agroforestry, prairie restoration or wetland restoration. Cropping system BMPs attempt to alter the sequence of crops using rotations with perennial crops, riparian buffer strips or crops that are effi cient at removing residual nitrogen from the soil profi le (cover crops). Perennial crops such as alfalfa can be grown in fi ve-year rotations with corn and soybean. Since alfalfa is a legume, it typically receives N fertilizer applications only in the fi rst year of growth during establishment and the remaining two years of the rotation do not receive any fertilizer. [46] Rye vs. no rye 13% [47] Rye vs. no rye 60% Alternative [13] Alfalfa vs. corn-97% cropping systems soybean [45] Alfalfa vs. corn-51-63% soybean [45] Grassland and 62-74% cover crops vs. corn-soybean [49] Short rotation woody 5-15% crops vs. cornsoybean Wetland [53] Mesocosm study 40-90% restoration [51] Constructed wetlands 19-59%
Impacts of alternative cropping systems on nitrate-N losses
In comparison with a corn-soybean rotation, the fi ve-year corn-soybean-alfalfaalfalfa-alfalfa rotation receives much lower rates of N fertilizer application. Randall et al. [13] showed that annual nitrate-N losses in Minnesota subsurface tile drainage averaged 50.7 kg/ha for a corn-soybean rotation, but only 1.7 kg/ha for a continuous crop of alfalfa (a 97% reduction). The same study showed negligible nitrate-N losses in a mixed crop of grass and alfalfa typical of the composition used in Conservation Reserve Program (CRP) plantings. Alfalfa and grass are deep-rooted plants whose annual evapotranspiration rates exceed those for a corn-soybean rotation. As a result of enhanced water uptake, nutrient uptake from the soil is also enhanced and tile drainage losses are reduced. Chung et al. [43] attempted to use the EPIC model to simulate impacts of cropping-system management on tile drain losses of nitrate-N from the study of Randall et al. [13] . In general, nitrate-N loads were greatly underpredicted by EPIC for all cropping systems when default values were used for SCS runoff curve numbers. EPIC does not explicitly simulate effects of subsurface tile drainage, drainage effects are inferred from nitrate-N leaching through the soil profi le to the depth of tile drains. Nitrate-N loss estimates could be improved by calibrating EPIC SCS runoff curve number using measured data. The poor performance of EPIC in tile drained agricultural systems calls into question its continued use (see for example, Ribaudo et al. [44] ) for evaluation of strategies to achieve nitrate-N reductions in Midwestern agriculture.
Boody et al. [45] used the ADAPT model to study environmental benefi ts of cropping-system diversifi cation for two agricultural watersheds in Minnesota. They simulated nitrate-N loads for each watershed in response to several scenarios, including A) current land use and land management, B) implementation of nutrient best management practices, C) replacing a portion of existing row crop land with alfalfa and wetlands, and D) planting cover crops and grassland. With BMPs (B), a reduction in nitrate-N loads ranging from 18-37% was achieved in comparison with current conditions (A). With additional alfalfa plantings and wetland restoration (C), a reduction in nitrate-N loads ranging from 51-63% was achieved. With cover crops and grassland, nitrate-N load reductions ranging from 62-74% were achieved. Boody et al. [45] concluded that to reach goals for reducing the area of the hypoxic zone in the Gulf of Mexico, additional diversifi cation of the Midwestern agricultural landscape was needed in addition to nutrient management BMPs.
Impacts of cover crops on nitrate-N losses
Winter cover crops are planted shortly before or soon after harvest of a crop in fall and are killed in spring using cultivation or herbicides. Cover crops remove water and nitrogen from the soil profi le after the primary crop is removed. Examples of cover crops include rye, small grains and clover. Reductions in nitrate-N losses from subsurface drains where cover crops were grown ranged from 13% in www.witpress.com, ISSN 1755-8336 (on-line) Minnesota [46] , to roughly 60% in Iowa [47] . Kladivko et al. [14] showed that annual nitrate-N losses from a subsurface drained soil in Indiana with low organic matter content decreased over a 15-year period from 38 kg/ha to 15 kg/ha (a 60% reduction) as a result of switching from continuous corn to a corn-soybean rotation with a fall cover crop of winter wheat. During the 15-year study, spring-applied N fertilizer rates were reduced from 285 kg/ha to 177 kg/ha, so the observed reductions are partly due to changes in fertilizer management and partly due to planting a cover crop. The major limitation to growing cover crops in the Midwest is related to poor fall establishment and poor winter hardiness. Feyereisen et al. [48] showed that nitrate-N losses in drainage water could be reduced by 30 or 11% if rye were planted as a cover crop in Minnesota on September 15 or October 15, respectively, and the rye was killed by May 15.
Impacts of riparian buffer strips and wetlands on nitrate-N losses
In the upper Midwestern region, riparian buffer strips are not as effi cient at removing nitrate-N as perennial crops or cover crops. This is because of the prevalence of subsurface drains, typically installed at depths ranging from 1 to 1.5 meters, whose discharge is routed through the subsurface without ever fl owing through the riparian buffer strip. However, nitrate-N in shallow groundwater (which is a small proportion of discharge from the landscape) can be removed at effi ciencies ranging from 48-85% after fl owing through the root zone of riparian buffer strips [49] . Updegraff et al. [50] used the ADAPT model to show that replacing corn-soybean crops in critical areas of Minnesota with short-rotation woody crops such as hybrid poplars was effective at reducing nitrate losses at the watershed scale. Simulations by Updegraff et al. [50] considered conversion of corn-soybean rotations to short rotation woody crops only on steeper, well-drained soils. For conversion levels of 10, 20 and 30%, nitrate-N losses to the mouth of the watershed were reduced by 4.7, 12.6 and 15%, respectively. Reductions were partially explained by lower rates of N fertilizer used in short-rotation woody crops in comparison with rates used on corn.
Another strategy for landscape diversifi cation is to remove subsurface tile drains altogether in order to restore wetlands on the landscape. Wetlands store water in landscape depressions, reducing the volume of water delivered to surface waters. Wetlands also allow denitrifi cation of nitrates, and if vegetation exists in the wetland, nitrates may also be taken up by the plants as they grow. Annual nitrate loads for landscapes with restored wetlands can be reduced by 20-60% [51] [52] [53] . The extent of nitrate removal by wetlands depends on factors such as the ratio of runoff volume from upland contributing areas to wetland storage volume, residence time of water in the wetland, temperature, wetland vegetation biomass and loading rates of nitrogen to the wetland. Removal effi ciency decreases as the ratio of upland contributing area increases, as wetland storage volume decreases, as residence time decreases, as temperature decreases, as vegetation biomass decreases, or as nitrate loading rates increase.
Impacts of climate change
The effectiveness of many nitrogen BMPs depends on precipitation patterns. Mean annual precipitation in the Upper Midwestern region has increased by as much as 30-40% over the last 50 years [54] . Nangia et al. [24] showed that nitrate-N losses in a Minnesota corn-soybean rotation are a linear function of annual precipitation. As precipitation increases, nitrate-N losses also increase. In dry years, reductions in N fertilizer application will have little impact on nitrate-N losses from tile drainage due to limited tile discharge. The greatest reductions in nitrate-N losses through fertilizer management will be achieved in wetter years. During years with normal precipitation (73.7 cm), nitrate-N losses were reduced from about 31.7 kg/ha to about 24.3 kg/ha when N fertilizer application rates were reduced from 179.3 to 112 kg/ha. During the driest years (40 cm), nitrate-N losses were reduced from about 10 kg/ha to roughly 8 kg/ha when comparing the same N fertilizer application rates. As precipitation increases in the Upper Midwestern Corn Belt region, nitrate-N losses in tile drainage can be expected to increase, even if no changes are made in N fertilizer management.
